The membrane-bound enzymes participating in the syntheses of the teichoic acid main chain and linkage unit have been solubilized with Triton X-100 and fractionated by sucrose density gradient centrifugation. Two main fractions were obtained: a heavy fraction, containing enzymes effecting synthesis of the main chain attached to the linkage unit, which was associated with only a small amount of lipid, and a light fraction which was rich in prenyl phosphate and catalyzed only linkage-unit synthesis. The separation by density was not based entirely on polypeptide chain length, as some of the shortest chains appeared in the denser fractions and some relatively high-molecular-weight peptides occurred in the lightest fraction. High activity for linkage-unit synthesis was observed in a fraction containing only a few peptides. Addition of ficaprenyl phosphate to the enzyme preparations had no stimulatory effect. It is concluded that the enzymes for mainchain and linkage unit syntheses form one or more fairly tightly associated complexes and that polyprenyl phosphate is an integral firmly bound component of the complex in which the linkage unit is synthesized.
The poly(N-acetylglucosamine 1-phosphate) teichoic acid of Micrococcus varians ATCC 29750 and the poly(ribitol phosphate) teichoic acid ofStaphylococcus aureus and Bacillus subtilis W23 have been shown to be attached to muramic acid residues on peptidoglycan through a linkage unit consisting of N-acetylglucosamine 1-phosphate and three glycerol phosphate residues. Biosynthesis of this linkage unit occurs through a series of polyprenyl phosphate intermediates (9) (10) (11) . The first reaction in the biosynthetic sequence involves the transfer of N-acetylglucosamine 1-phosphate from uridine 5'-diphosphate-N-acetylglucosamine (UDPGlcNAc) to polyprenyl phosphate. The lipid formed is called lipid I, and its synthesis is inhibited by the antibiotic tunicamycin (7). Lipids II, III, and IV are then produced by the successive addition of three glycerol phosphate residues derived from cytidine 5'-diphosphate (CDP)-glycerol.
Although the sequence of linkage-unit biosynthesis is now well understood, little is known about the properties of the individual enzymes (e.g., their number, regulation, individual properties, and arrangement in the membrane).
We The solubilized enzyme preparation was very unstable except in the presence of a buffer composed of Tris-hydrochloride (50 mM), magnesium acetate (10 mM), EDTA-Na2 (10 mM), 2-mercaptoethanol (1 mM), and dithiothreitol (1 mM) at pH 8.0. Membranes were normally stored frozen in this buffer to facilitate subsequent solubilization.
A 5-ml amount of enzyme, prepared by using the previously determined optimum concentration of Triton X-100, was made 5% with respect to sucrose and applied to a 10 to 50% (wt/vol) sucrose gradient (18 ml) prepared with the stabiiing buffer. After centrifugation at 105,000 x g (average) for 18 h at 30C, 1-ml fractions were coilected, the bottom densest fractions first, and polymer and linkage-unit-synthesizing activities were determined.
Sodium dodecyl sulfate-polyacrylamide gel electrophoreses of whole membrane, solubilized fraction, and the various sucrose density gradient fractions were carried out by the method of Laemmli (8); 12 .5% polyacrylamide gels were used.
Protein was determined by the modified Lowry method of Wang and Smith (12), which allows the determination of protein in the presence of Triton X-100.
RESULTS
One of the problems associated with the study ofthe enzymes involved in linkage-unit synthesis was the possibility that the lipid-protein complex which is assumed to exist might be dissociated during purification. Therefore, attempts were made to supplement the endogenous polyprenyl phosphate with ficaprenyl phosphate, which has a structure similar to that of the endogenous undecaprenyl phosphate. However, this produced no stimulation of linkageunit synthesis in whole or solubilized membranes. As it was possible that there was a fixed ratio of protein to lipid in the enzyme system, it was decided to remove lipids from the enzymes and attempt to replace the endogenous polyprenyl phosphate with ficaprenyl phosphate. This was attempted by centrifugation of detergent-solubilized enzymes in a sucrose gradient. The technique has been used successfully to remove lipids from the Mg2e + Ca2' ATPase of sarcoplasmic reticulum (13) .
The effects of Triton X-100 concentration on the solubilization of membrane protein and on N-acetylglucosanIne1-phosphate polymerase activity are shown in Table 1. This table also shows the effect of Triton X-100 concentration (9) .
Despite the apparent dependence of polymer synthesis in the dense fractions of the gradient upon linkage-unit synthesis, accumulation of linkage-unit lipid intermediates was hardly detectable in these fractions (Fig. 1) . To confirm that the lipids were, nevertheless, synthesized, the effect of tunicamycin on synthesis of polymer-bound label from CDP-glycerol was examined. Figure 3 shows that very low concentrations of tunicamycin had a powerful inhibitory effect on the incorporation of radioactive label from CDP-[3H]glycerol into polymer-bound linkage unit with or without preincubation of the solubilized enzyme preparation with the antibiotic. The majority of the linkage-unit intermediate must therefore have been newly synthesized; the preparation could not have contained significant amounts of lipid I, whose synthesis is the target of the antibiotic.
In the lighter fractions, radioactivity from UDPGlcNAc was incorporated into lipids I, II, and III independently of exogenous CDP-glycerol, which suggested that a pool of CDP-glycerol, possibly bound to enzymes, exists in these fractions.
The polypeptides in the various sucrose density gradient fractions of Triton-solubilized membrane were examined by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (Fig.  4) . The patterns in the various fractions varied considerably, there being many more prominent bands in the denser than in the lighter fractions. 
Downloaded from
Due to the large number of bands it was impossible to ascribe particular enzyme functions to individual polypeptides in the denser fraction. However, the few prominent bands in fraction 15, in which lipids I, II, and III were produced (Fig. 1) , were present in all other fractions.
As in previous experiments, the addition of ficaprenyl phosphate to reaction mixtures did not affect the production of lipid intermediates. sucrose density gradient centrifugation of solubilized enzymes was successful in removing most of the bound lipids from the teichoic acid-synthesizing enzyme and from part of the linkageunit-synthesizing enzymes. However, some of the linkage-unit-synthesizing enzymes remained tightly bound to the polyprenyl phosphate and remained in the detergent layer at the top of the gradient. These were capable of synthesizing and, due to their high lipid content, accumulating significant amounts of the various linkageunit lipid intermediates. The enzyme(s) responsible for synthesis of the main chain did not appear to be as tightly associated with lipid since no polymer production was observed at the top of the gradient.
DISCUSSION
The dependence of polymer synthesis on the addition of CDP-glycerol in the densest fractions can be explained as follows. Although the majority of the lipids remained in the detergent layer, those enzymes that were present in the denser fractions appeared to be associated with small amounts of bound lipid. Teichoic acid synthesis could occur in the absence of CDPglycerol, but the small amount of lipoteichoic acid carrier was soon fully loaded and synthesis then stopped. However, when CDP-glycerol was added, the linkage unit was synthesized and the main chain was transferred to the completed linkage unit, freeing lipoteichoic acid carrier for further teichoic acid synthesis, resulting in the stimulation observed by the addition of CDPglycerol. The teichoic acid-linkage-unit complex could then be unloaded from the polyprenyl phosphate which was then free to act as an acceptor for further linkage-unit synthesis. If, however, teichoic acid synthesis occurs directly onto the linkage unit, the dependence on CDPglycerol would be solely for linkage-unit synthesis, and polymer synthesis in the absence of CDP-glycerol must have been onto endogenous lipid intermediates.
In either case, a rapid cycling of low levels of lipid intermediates must have occurred. This might occur normally in the living cell, rather than the accumulation of relatively high levels of linkage-unit lipid intermnediate as observed with membranes and which from energetic considerations would appear to be wasteful and inefficient.
The separation into two fractions of the linkage-unit-synthesizing enzymes, differing in their lipid content but both active, suggests that the enzymes form a tightly associated complex even after most of the lipids have been removed. Whether the enzyme(s) responsible for main chain synthesis forms a part of the same complex is not known but it does appear that the two systems are closely interrelated.
Polyacrylamide gel electrophoresis of the lowdensity fractions from the density gradient suggests that only a few polypeptides are involved in the synthesis of lipids I to III. However, the failure ofthese fractions to catalyze the synthesis of polymer cannot be taken by itself as evidence that they lack the polymerase enzymes. It is possible that polymer synthesis is merely "uncoupled" from synthesis oflinkage-unit lipid and that no alternative acceptor, such as lipoteichoic acid carrier, is available. Sucrose density gradient centrifugation has been shown to separate lipoteichoic acid carrier from polymerase in Triton-solubilized membranes (5) , and the solubilized polymerase might have a phospholipid requirement that is not satisfied in these fractions. The loss of the ability of the complex to synthesize lipid IV could also account for the apparent loss of polymerase activity, but we have no way of measuring lipid IV-synthesizing activity in the absence of polymer synthesis. Accumulation of lipid IV could only be detected, even in intact membrane preparations, under conditions in which the preparation was so active that substrates in the reaction mixture became exhausted (9) . Such conditions could not be attained with the Triton-solubilized fractions from the density gradient. The presence of low-molecular-weight polypeptides in the densest fractions also suggests that they form a part of a complex that is dissociated only by treatment with sodium dodecyl sulfate before polyacrylamide gel electrophoresis.
The failure of ficaprenyl phosphate to substitute for endogenous polyprenyl phosphate in the system depleted in lipids suggests either that the system is very specific with regard to the phospholipid that can act as carrier or that it is very strictly organized and the addition of exogenous prenol requires a definite orientation in the complex.
